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The phase behaviour of blends of ABC triblock and ac diblock copolymers is examined using 
self-consistent field theory. Several equilibrium lamellar structures are observed, depending on the 
volume fraction of the diblocks, <f>2, the monomer interactions, and the degrees of polymerization of 
the copolymers. For segregations just above the order-disorder transition the triblocks and diblocks 
mix together to form centrosymmetric lamellae. As the segregation is increased the triblocks and 
diblocks spatially separate either by macrophase-separating, or by forming a non-centrosymmetric 
(NCS) phase of alternating layers of triblock and diblock (...ABCcaABCca...). The NCS phase is 
stable over a narrow region near <f>2 = 0.4. This region is widest near the critical point on the 
phase coexistence curve and narrows to terminate at a triple point at higher segregation. Above the 
triple point there is two-phase coexistence between almost pure triblock and diblock phases. The 
theoretical phase diagram is consistent with experiments. 



I. INTRODUCTION 

Materials which lack a centre of symmetry in the ab- 
sence of a polarizing field are rare in nature, and have 
attracted much recent interest These non- 

centrosymmetric (NCS) materials can exhibit dipolar 
second-order nonlinear optical activity (second-harmonic 
generation) plpl, in addition to piezoelectricity and py- 
roelectricity without the need to apply a polarizing 
field. As such, NCS materials are of great technological 
interest. Recently, the capability to make NCS struc- 
tures in block copolymer blends has been demonstrated 
experimentally |Q. Block copolymers consist of two (or 
more) chains, or blocks, of chemically distinct monomers 
covalently bonded end-to-end to form a single polymer. 
Competition between the repulsion of unlike blocks and 
the constraint that the blocks are attached together leads 
to the formation of ordered periodic structures. Block 
copolymers are promising materials to use in the design 
of NCS structures due to the high degree of control one 
has over the structure and properties of the blocks. NCS 
structures created using polymers have longer periods 
than those created previously using small molecules |B0 . 
The periodicity of the structure can be changed by ad- 
justing the block size, creating the potential to tune the 
wavelengths for second-harmonic generation. The dielec- 
tric properties of the blocks can be tailored to the de- 
sired application. Finally, block copolymers self-assemble 
into periodic NCS structures, so no microscale fabrication 
techniques are necessary to produce the NCS structure. 

The key breakthrough in Ref. jij that made possible 
the formation of NCS structures in block copolymers was 
the recognition that blends of ABC triblock copolymers 
and ac diblock copolymers, instead of pure melts of ABC 
triblock copolymers are required ||. Here A, B and C 
refer to the chemical species of each block — the a and 
c blocks on the diblock are the same chemical species as 
the A and C blocks on the triblock. Pure ac diblock melts 



produce stable lamellar, hexagonally-packed cylindrical, 
body-centred cubic, and gyroid phases — all of which 
have centres of symmetry. Pure ABC triblock melts have 
an even richer phase diagram (see Refs. § and § for a 
discussion), but almost all of the phases so far discov- 
ered are centrosymmetic (CS) ||. Compared to the pure 
phases, the behaviour of blends of triblocks and diblocks 
is relatively unexplored and is a topic of current funda- 
mental interest. 

In Ref. H| only lamellar structures were reported, and 
we will restrict ourselves to discussing lamellar struc- 
tures in this paper. As discussed in Refs. Q and |jj 
and shown here in Fig. 1, possible lamellar structures in 
blends of ABC triblock and ac diblock copolymers in- 
clude: triblock-rich and diblock-rich phases where the 
triblock and diblock mix together to form a "mixed" cen- 
trosymmetric structure (MCS phase), a NCS phase where 
the triblocks and diblocks spatially separate into alter- 
nating triblock and diblock layers (...ABCcaABCca...), a 
centrosymmetric double-layer phase (CS phase) of alter- 
nating double-layers of triblock and diblock (...ABCcaac- 
CBA...), and regions of two-phase coexistence between 
these phases. When it is favourable for the triblocks and 
diblocks to spatially separate, it is unclear whether the 
system will achieve this by forming a structure with al- 
ternating triblock and diblock layers, or by macrophasc 
separation. However, by carefully tuning the system pa- 
rameters the authors of Ref. Q] were able to find the NCS 
structure. 

Given the complexity of the pure ABC triblock phase 
diagram, and the even greater complexity of the phase di- 
agram for the blend, a theoretical guide to experimental 
searches for the NCS structure would be helpful. The two 
main questions one would like to answer are: "What is 
the driving mechanism behind the formation of the NCS 
phase?" and "Where in phase space should one expect 
the NCS structure to be stable?" To date, the only theo- 
retical studies of these blends are those of Leibler et al. M 
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and Birshtein et al. [T^] in the strong-segregation limit. 
These papers focused on answering the first question by 
explaining the stability of the NCS phase in terms of an 
cntropic advantage to forming mixed aA domains of a and 
A block (from the diblock and the triblock, respectively), 
when compared with the formation of AA (and aa) do- 
mains. However, these studies do not directly address the 
second question. In this paper, we expand the scope of 
theoretical understanding by examining blends of ABC 
triblock and ac diblock copolymers using self-consistent 
field theory. Although this formalism can be used to de- 
termine in detail the structure of the aA interfaces [jll| , 
thereby providing information about the driving mecha- 
nism, we do not focus on this here. Rather, our aim is 
to answer the second question by examining the effect of 
blend composition on the phase behaviour, the possibil- 
ity for phase-separation, and the phase behaviour in the 
weak to intermediate segregation regime. 
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FIG. 1. Some possible lamellar structures in a blend of ABC 
triblock and ac diblock copolymers: (a) triblock-rich mixed 
centrosymmetric, (b) diblock-rich mixed centrosymmetric, 
(c) non-centrosymmetric, (d) centrosymmetric double-layer 
phase, (e) two-phase coexistence. 



II. MEAN-FIELD THEORY 



Consider an incompressible blend of ac diblock copoly- 
mers and ABC triblock copolymers in a volume V. The 
total degree of polymerization of the diblock is N; for 
the triblock it is SIN (thus SI is the ratio of the triblock 
degree of polymerization to that of the diblock). The 
diblock consists of an a-block, with a degree of polymer- 
ization $2aN, and a c-block, with a degree of polymer- 
ization f2cN. The diblock composition variables satisfy 
f%A + lie = 1 • Similarly, the triblock consists of three 
blocks with degrees of polymerization foaSlN, where a = 
A, B or C. The triblock composition variables satisfy 
/.3A + fzB + he = 1- We scale distances by the Gaus- 
sian radius of gyration of the diblock, R g 2 = b(N/6) 1 ^ 2 . 
The monomer statistical Kuhn length b and the bulk 
monomer density po are assumed to be the same for all 
three chemical species. In what follows, we will scale the 
chain arc-length by the diblock degree of polymerization 
N. 

Beginning with the many-chain Edwards Hamiltonian, 
we can derive the free-energy F of the blend in the mean- 
field approximation The suitably-scaled free-energy 
density / at temperature T has the form 
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PoVk B T y j dr{ X A B N M r)Mr) 
+XacN <f> A (r)(j)c(r) + XbcN B (r)0 c (r) 

(r)0 a (r)} - Q 2 [u] - Q 3 [co}. (2.1) 
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We derived Eqn. fl2.l|) using the grand canonical ensem- 
ble p3| . Multiple phase-coexistence, which we will en- 
counter below, is most conveniently studied using this 
ensemble. The three Flory-Huggins interaction param- 
eters xab, XACi and Xbc are responsible for repulsion 
between unlike blocks. We denote the volume fraction 
of a monomers from the n-blocks at position r as 4> na (r) 
and write the volume fraction of a monomers, 4> a (r), and 
of diblocks, <p2 (r) , as 



b a (r) = </>2 Q (r) + <t> 3a (r) 
fa(r) = </>2A(r) + </>2c(r)- 



(2.2) 
(2.3) 



The chemical potential for the diblocks is fj,2, in units 
of ksT. Since the blend is incompressible, the chemical 
potential for the triblocks can be set to zero without loss 
of generality. 



In Eqn. (2.1), Q2M is the partition function of a sin- 
gle diblock copolymer interacting with the mean-fields 
uj a (r). Similarly, Q3[w] is the partition function of a sin- 
gle triblock copolymer interacting with these mean- fields. 
These partition functions may be written in terms of the 
propagators Q a (r,s\r'), which give the probability that 
the a monomer at arc-length s is at position r, given that 
the a monomer at arc- length is at r': 
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<32M = i J dridr 2 dr 3 Q A (ri,f2A\r 2 ) Qc(r2,f2c\r3) (2 

Q3M = y J dridr 2 dr 3 dr 4 Q A (ri, / 3 ^fi|r 2 ) 

x Qs(r 2 , / 3B ^|r 3 ) g c (r 3 , /acfi|r 4 ). (2 

The factors of X/V are inserted above for convenience. 
The propagators satisfy the modified diffusion equation 

^Q a (r, s|r') = V*Q Q (r, s\r') - ui a (v)Q a (r, s|r') (2.6) 



with the initial condition 

Qa(r,0|r') =<5(r-r'). 



(2.7) 



In the mean-field approximation the fields tu a are re- 
lated to the monomer volume fractions through the rela- 
tions 

waW = XabN fl (r) + xac^V c (r) + 77(1") (2-8) 
ws(r) = XAsiV A (r) + xsc^V c (r) + r?(r) (2.9) 
wo(r) = XAC^V A (r) + xsc^ <Mr) + ij(r), (2.10) 

where the field rj is to be adjusted to enforce the incom- 
pressibility condition 



<Mr) + <Mr) + (Mr) = 1. 



(2.11) 



The monomer volume fractions are, in turn, related to 
functional derivatives of Q2M and Q 3 [o;]: 



02a (r) = —V 



I2M 



5QM 



8u a (r) 



(2.12) 
(2.13) 



These fu nctional derivatives are evaluated using Eqns. 

To obtain the exact mean-field solution for a given 
point in parameter space, Eqns. ( |2.8 - [2.13" ) need to be 
solved self-consistently using numerical methods. The 
method of solution involves selecting a set of basis func- 
tions appropriate to the space group of the periodic struc- 
ture to be examined, and reformulating the theory in the 
reciprocal space of these basis functions . With initial 
guesses for the periodicity, D, and monomer profiles, <p a , 
of the structure, the reciprocal space versions of Eqns. 



(2.8- 2.13 ) are solved iteratively to obtain the mean-field 
profiles and free-energy density / corresponding to the 
chosen D. This procedure is repeated for different choices 
of D until the free-energy density is minimized at the sys- 
tem's preferred periodicity. The numerical procedure and 
the reciprocal space formulation are discussed in more 
detail in Refs. fl4| , |l5| , |l6|l . The preferred periodicity and 
minimal free-energy density are determined for all possi- 
ble structures. These free-energy densities are compared 
and the structure with the lowest / at a given point in 
phase space is the equilibrium structure at that point. In 



4^the /— fj,2 plane, two-phase coexistence occurs when the 
free-energy density curves for two structures cross at a 
given value of /i 2 . Three-phase coexistence occurs when 
three such curves intersect at a point. Even though we 

g-jcompare free-energy density curves as a function of /i 2 , 
when we plot phase diagrams we use the average diblock 
volume fraction, </> 2 , as a variable, instead of its thermo- 
dynamic conjugate, [i 2 [ p"7| . 

A pure triblock copolymer melt can form many dif- 
ferent periodic structures J^J^]. The number of struc- 
tures formed by blending triblock copolymers with di- 
block copolymers is even more diverse. In this paper, 
we restrict ourselves to discussing lamellar structures, 
since they have been the subject of experimental investi- 
gations of non-centrosymmetry jj] . The problem is then 
one-dimensional with cosines and sines as basis functions. 
The non-centrosymmetric phase was obtained using both 
sines and cosines and an initial monomer profile that was 
NCS (...ABCca...) to begin the iteration procedure. Cen- 
trosymmetric phases have only cosines as basis functions. 
The MCS structure was found at about the period of the 
NCS structure. A centrosymmetric double-layer struc- 
ture was found at about twice the NCS period, using the 
sequence (...ABCcaacCBA...) as an initial profile for the 
iteration step. The number of basis functions in our com- 
putation of the free-energy density is selected to achieve 
an accuracy of 10 -6 , which is more than sufficient to re- 
solve the small differences in free-energy between these 
phases. As the blend segregation increases the interfaces 
become sharper and more basis functions are needed to 
achieve this accuracy. 



III. RESULTS AND DISCUSSION 



Since the parameter space for this system is large - 
XabN, xac'N, xbc'N, n, f 2A , Ha, hB and (j> 2 can all 
be varied independently - we have to be careful to se- 
lect parameters which favour a stable lamellar phase. A 
stable lamellar phase is most likely when the block com- 
positions are symmetric, f 2 A = 1/2, f 3 A = Hb = 1/3, 
and the Flory-Huggins interaction parameters are equal, 
Xab = Xac = Xbc = X- Accordingly, we fix the block 
compositions to be symmetric, and examine only situ- 
ations where the Flory-Huggins interaction parameters 
are equal or nearly equal. Even within these bounds, the 
phase behaviour of the blend is rich. 

The phase diagram in the xN — <f>2 plane, for the case 
where all the Flory-Huggins interaction parameters are 
equal, is shown in Fig. 2. The ratio of triblock to diblock 
lengths is = 1.5. At the lowest values of xN the blend 
is disordered. As %iV" increases there is a transition to a 
mixed centrosymmetric (MCS) phase where the triblocks 
and diblocks mix together uniformly, but form a lamellar 
phase |fl8|] . If 4> 2 is small, and the blend is triblock-rich, 
the lamellar structure will be alternating triblock layers 
(...ABCCBA...), as in Fig. la. As 4> 2 increases the blend 
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becomes diblock-rich and the structure becomes alter- 
nating diblock layers (...acca...), as in Fig. lb. A typical 
density profile for the MCS phase is shown in Fig. 3. 
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FIG. 2. The phase diagram in the \N — <j>2 plane, for the case 
where all the Flory-Huggins interaction parameters are equal 
(Xab = Xac — Xbc = x)- The triblock to diblock length ra- 
tio is Q = 1.5. The labels are as follows: DIS: disordered; 
MCS: mixed centrosymmetric; NCS: non-centrosymmetric. 
Below the phase coexistence line, the MCS phase goes from 
being triblock-rich to diblock-rich, as the average diblock vol- 
ume fraction (j>2 increases. The critical point for the MCS 
to NCS transition is indicated by a solid circle. The narrow 
region of NCS phase stability terminates at a triple point, in- 
dicated by a solid square. Regions of two-phase coexistence 
are indicated. Above the horizontal line at xN ~ 28 there is 
two-phase coexistence between an almost pure triblock phase 
and an almost pure diblock phase. 

For larger values of %./V (in the intermediate segrega- 
tion regime around \N ~ 14 ) the B block tends to 
expel the diblock a and c blocks from its domain, and it 
becomes favourable for the triblocks and diblocks to spa- 
tially separate. The transition from mixed to spatially- 
separated states is indicated by the phase coexistence line 
in Fig. 2. Above the transition, the existence of a sta- 
ble NCS phase of alternating triblock and diblock layers 
(...ABCca... as in Fig. lc) in a narrow region around 
(j>2 ~ 0.4 prevents the system from phase separating into 
coexisting triblock-rich and diblock-rich phases. Instead, 
for values of <p2 lower than the stability region for the 
NCS phase, the triblock-rich phase coexists with the NCS 
phase, while for values of <j>2 higher than this stability re- 
gion the NCS phase coexists with the diblock-rich phase. 
The volume fraction of each coexisting phase is given by 
the lever rule. As 4>2 increases and the longer triblocks 



are removed, the periodicity D of the structure decreases. 
Thus, for a given \N, the triblock-rich MCS phase has 
a longer period than the NCS phase, and the NCS phase 
has a longer period than the diblock-rich MCS phase. A 
typical density profile for the NCS phase is shown in Fig. 
4. 



<l>(z) 




FIG. 3. Profile of one period of the MCS lamellar phase 
for xN = 13 (all Flory-Huggins interaction parameters are 
equal), <f>2 = 0.4 and = 1.5. The distance perpendicular to 
the lamellae is z, measured in units of the radius of gyration 
of the diblock, R g 2. 



The widest region of NCS stability occurs near the bot- 
tom of the phase-coexistence curve. Figure 5 shows this 
region in more detail. The phase boundaries appear to 
converge at a point where </> 2 ~ 0.365 and x^V w 13.72. 
Since the free-energy differences between the structures 
become very small near this point and the NCS phase is 
only slightly stable with respect to the MCS phase, it be- 
comes difficult to numerically compute the phase bound- 
aries in this region. The dashed lines in Fig. 5 are thus 
extrapolations of the phase boundaries. Given the fact 
that the free-energies of the structures appear to merge 
at this point, and the fact that the difference between 
the period of the stable NCS and the metastable MCS 
structure approaches zero as this point is approached, we 
believe that the point of convergence is a second-order 
critical point. The order-parameter for this transition is 
the amplitude of the odd-parity basis functions (sines) 
for the monomer profiles. 
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FIG. 4. Profile of one period of the NCS lamellar phase 
for \N = 14 (all Flory-Huggins interaction parameters are 
equal), 02 = 0.4 and f2 = 1.5. The distance perpendicular to 
the lamellae is z, measured in units of the radius of gyration 
of the diblock, R g 2- 



When %N > 17 the region of NCS stability narrows 
to a sliver, as shown in Fig. 2. The NCS stability region 
terminates at a triple point at 02 ~ 0.381 and xN ~ 28.0 
where the triblock-rich, diblock-rich and NCS phases co- 
exist. For larger values of x_/V the NCS phase is unstable, 
and there is only two-phase coexistence between almost 
pure triblock and diblock phases. This part of the phase 
diagram is similar to the phase diagram of a eutectic 
material, where a liquid phase (here the NCS phase) in- 
tervenes between two solid phases (here the MCS phases) 
and terminates at a eutectic point (here the triple point) 
& 

We have slightly varied the relative values of the Flory- 
Huggins interaction parameters and examined the effects 
on the phase diagram. To try to avoid non-lamellar 
phases, we have kept the interactions in the triblock 
symmetric (xab — Xbc) and examined the effect of 
having only slightly weaker repulsion between the mid- 
dle and outer blocks (xab — Xbc — 0.8 xac) an d 
only slightly stronger repulsion between these blocks 
(xab = Xbc = 1-1 Xac)- The value £1 = 1.5 is used. It 
is known, however, that for large variations in the Flory- 
Huggins interaction parameters non-lamellar phases may 
arise (such as B cylinders or spheres on AC interfaces 
when xab = Xbc > Xac) [§■ 
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FIG. 5. The region in Fig. 2 near the critical point in more 
detail. The parameters and notation are the same as in Fig. 2. 
The dashed lines are extrapolations of the phase boundaries. 



In Fig. 6 the phase diagram in the XacN — 02 plane 
is shown for the case where xab = Xbc = 0.8 xac- 
The overall structure of the phase diagram is the same 
as in Fig. 2 where the Flory-Huggins interaction pa- 
rameters were equal (to emphasize the region around 
the critical point, we only show the lower part of the 
phase diagram in Fig. 6). The region of NCS stability is 
shifted to slightly higher values of 02- More noticeably, 
the phase coexistence line is shifted to higher values of 
XacN. The critical point now occurs at 02 ~ 0.414 and 
XacN ~ 16.79 and the triple point occurs at 02 ~ 0.391 
and XacN « 48. Since the repulsion between the B block 
and the diblock a and c blocks drives the triblocks and 
diblocks to spatially separate, decreasing this repulsion 
raises the phase coexistence line. In Fig. 7 the phase dia- 
gram in the XacN — 02 plane is shown for the case where 
Xab — Xbc = 1-1 Xac- Again, the basic structure of the 
phase diagram is unchanged from Fig. 2, while the phase 
coexistence line is shifted to lower values of XacN. The 
region of NCS stability is shifted to slightly lower val- 
ues of 02- The critical point occurs at 02 ~ 0.350 and 
XacN « 12.69 and the triple point occurs at 02 « 0.376 
and XacN ~ 23. The increased repulsion between the 
B block and the diblock a and c blocks drives the tri- 
blocks and diblocks to spatially separate at lower values 
of XacN , lowering the phase coexistence line. Interest- 
ingly, the phase coexistence line in Fig. 7 is more asym- 
metric than the phase coexistence lines in either Fig. 2 
or Fig. 6. This is due to the increased repulsion of the B 
block in Fig. 7, which accentuates the difference between 
the triblock and the diblock. 
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FIG. 6. The phase diagram in the XacN — <f>2 plane, for the 
case where \ab — Xbc = 0.8 xac- The triblock to diblock 
length ratio is fi — 1.5. The notation used is the same as in 
Fig. 2. We have chosen to focus on the region of the phase di- 
agram near the critical point. The disordered phase exists be- 
low xacN m 10.5, and the triple point exists for xacN m 48. 



It was hoped that by looking at variations in the rel- 
ative values of the Flory-Huggins interaction parameters 
the region of NCS stability could be expanded beyond 
that of Fig. 2. In the parameter range we have examined, 
we have found little, if any, dependence of the width of 
the NCS stability region on such variations. It appears 
that, other than an upward (or downward) shift of the 
phase coexistence curve and triple point, the structure 
of the phase diagram is insensitive to slight variations in 
the relative values of the Flory-Huggins interaction pa- 
rameters. 

To examine the effect of varying the relative degrees of 
polymerization of the triblocks and diblocks we show the 
phase diagram in the SI — 02 plane in Fig. 8. In this case, 
the Flory-Huggins parameters are constant and equal: 
xN = 15. Since an increase in the triblock polymeriza- 
tion index results in an increased effective segregation in 
the triblock, the B block will expel the diblock a and c 
blocks for large enough SI. Thus Figs. 2 and 8 are similar. 
There is a critical point at 02 ~ 0.391 and fl « 1.34 and a 
triple point at 02 ~ 0.370 and SI ss 1.72). It is significant 
that the region of NCS stability slopes to lower 02 as SI 
is increased, and that this region roughly corresponds to 
the condition that the number of diblock copolymers in 
the blend equals the number of triblock copolymers, 

6% = — — . (3.1) 



Equation (3.1) is plotted in Fig. 8 for comparison. For 
the phase diagram in Fig. 2, where the region of NCS 
stability is almost vertical, Eqn. (3.1) with SI = 1.5 gives 
<b% = 0.4, which is close to what is seen. 



FIG. 7. The phase diagram in the XacN — 02 plane, for the 
case where xab = Xbc = 1.1 xac- The triblock to diblock 
length ratio is fi — 1.5. The notation used is the same as in 
Fig. 2. We have chosen to focus on the region of the phase di- 
agram near the critical point. The disordered phase exists be- 
low xacN « 10.5, and the triple point exists for xacN ~ 23. 
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FIG. 8. The phase diagram in the fi — </>2 plane, for the case 
where all the Flory-Huggins interaction parameters are equal 
(xN — 15). The notation used is the same as in Fig. 2. The 
dashed straight line corresponds to Eqn. (3.1). 
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We now comment on the stability of the centrosym- 
metric (CS) phase consisting of alternating triblock and 
diblock double-layers (...ABCcaacCBA...). Naively, one 
might expect that a flip of every other period of the NCS 
phase would lead to a periodic structure which is degen- 
erate in free-energy with the original NCS phase, and has 
exactly twice the period of the original phase. However, 
in the phase diagrams shown in Figs. 2, 6, 7 and 8 the 
CS structure is metastable Q. Below the triple point 
the CS structure has a slightly higher free-energy density 
than the NCS structure. Above the triple point the CS 
structure has a slightly lower free-energy density than 
the NCS structure, but is still metastable with respect 
to two-phase coexistence. This makes sense since, above 
the triple point, a metastable NCS structure may phase- 
separate by going though a series of CS phases of longer 
period and lower free-energy. We also observe that the 
period of the metastable CS structure is only approxi- 
mately twice that of the NCS structure. Subtle differ- 
ences between the chain conformations in aA interfaces 
(where one chain comes from the diblock and the other 
from the triblock) and those in AA (and aa) interfaces 
are probably responsible for breaking the degeneracy of 
the NCS and CS phases 

In the experiments of Ref. performed with sym- 
metric block compositions and Q = 1.5, two-phase coex- 
istence between a NCS phase and a triblock-rich phase 
were observed for cf>2 ~ 0.18, while for (f>2 ~ 0.4 a pre- 
dominantly NCS phase was observed. These results are 
consistent with the phase structure seen in Fig. 2. How- 
ever, when comparing theory to experiment it is impor- 
tant to note that it is likely that the experiments were 
performed in the strong-segregation regime rather than 
in the intermediate segregation regime (xiV « 14) where 
we predict the widest stability region for the NCS phase. 
Also, the assumption in Fig. 2 of equal Flory-Huggins in- 
teraction parameters does not hold for the experiments. 
On the other hand, we have seen that the structure of 
the phase diagram is insensitive to slight variations of 
the Flory-Huggins interaction parameters, with the ex- 
ception of an upward or downward shift in the widest 
region of NCS stability and the triple point. Thus it is 
possible for the experiments to be performed at relatively 
strong segregation, but still be below the triple point in 
the phase diagram. Also, although we cannot exclude 
the possibility that the experiments observed the pure 
NCS phase, it is likely, given the narrow region of NCS 
stability, that the experiments were in the two-phase co- 
existence region and observed a predominance of NCS 
phase due to the proximity of the NCS stability region. 

One possible experimental strategy for obtaining a 
pure NCS phase is to begin in the disordered phase with 
the blend composition tuned to the composition of the 
critical point (here (f>2 ~ 0.35 — 0.4) and then perform a 
shallow temperature quench into the NCS stability region 
pl| . The quench should be as shallow as possible so as to 
minimize the influence of both kinetic effects and the in- 
tervening MCS region on the formation of the NCS phase. 



As we have shown in Fig. 7, when xab — Xbc > Xac 
the region of MCS stability narrows as the MCS-to-NCS 
critical point moves to lower values of xacN, closer to 
the order-disorder transition. However, our preliminary 
investigation into the possibility of a direct transition 
from the disordered to NCS phase suggests that for a 
large relative repulsion between the triblock middle and 
outer blocks {xab — Xbc — 1-5 xac) the NCS phase can 
become unstable to phase separation into triblock- and 
diblock-rich phases, while a narrow region of MCS stabil- 
ity remains. Thus a compromise must be found between 
decreasing the width of the MCS region and maintaining 
the stability of the NCS phase. 



IV. CONCLUSIONS 

We have examined the phase behaviour of blends 
of ABC triblock and ac diblock copolymers using self- 
consistent field theory. A representative phase diagram 
is shown in Fig. 2. For segregations just above the order- 
disorder transition the blend forms a centrosymmetric 
lamellar phase where the triblocks and diblocks mix to- 
gether (the MCS phase). For stronger segregation (in- 
creased xN or increased 0) the B block tends to expel the 
diblock a and c blocks from its domain. As a result, the 
triblocks and diblocks spatially separate by forming ei- 
ther alternating layers of triblock and diblock or a phase- 
separated state. In the former case, we observe a narrow 
region around 4>2 ~ 0.4 where a pure NCS lamellar phase 
(Fig. lc) is stable. In the latter case, we observe large 
regions of two-phase coexistence between the NCS phase 
and either a triblock-rich or a diblock-rich MCS phase, 
depending on the value of (f>2 ■ The structure of this phase 
diagram is insensitive to slight variations in the relative 
values of the Flory-Huggins interaction parameters. The 
only effect is an upward (or downward) shift of the phase 
coexistence curve and the triple point. Such variations 
do not measurably effect the width of the NCS region. 

For intermediate segregation, our results suggest that 
there is a second-order critical point where a continuous 
transition from the MCS phase directly to the NCS phase 
occurs. The order-parameter for this transition is the am- 
plitude of the odd-parity basis functions (sines) for the 
monomer profiles. As the segregation is increased, the 
region of stability for the NCS phase narrows to a sliver, 
and terminates at a triple point. Above the triple point 
there is two-phase coexistence between almost pure tri- 
block and diblock phases. This is the first work to suggest 
the existence of the critical point and the triple point in 
the phase diagram for this blend. 

The phase diagram in Fig. 2 is consistent with the ex- 
periments of Goldacker et al. Q| , who observed coexisting 
triblock-rich and NCS lamellae for cf>2 ~ 0.18, and a pre- 
dominance of NCS lamellae for 02 ~ 0.4. The narrowness 
of the region of NCS stability suggests that careful ad- 
justment of the blend parameters is necessary to observe 
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the pure NCS phase. Our theory predicts that the width 
of the NCS stability region can be maximized by study- 
ing blends near the phase coexistence curve which have 
a triblock to diblock length-ratio less than 1.5. 

Earlier theoretical work by Leibler et al. || and Bir- 
shtein et al. jl(^ on these blends focussed on the mech- 
anism responsible for the stability of the NCS phase in 
the strong-segregation limit. In Ref. ||, subtle entropic 
interactions arising from the asymmetric interpenetra- 
tion of a and A blocks from the diblock and triblock, 
respectively, cause the system to favour mixed aA inter- 
faces over AA (or aa) interfaces, and lead to a stable 
NCS phase. In Ref. Jin] the different grafting densities of 
the brush coming from the triblock and the brush com- 
ing from the diblock favoured mixed aA interfaces. Our 
work complements this earlier work since we can examine 
the blend phase diagram without the need to assume the 
strong-segregation limit. However, in contrast to Refs. 
H and 10 1, our calculations show that the NCS phase 
is only stable for intermediate segregation, and that for 
strongly-segregated blends there is two-phase coexistence 
between triblock-rich and diblock-rich phases. A recon- 
ciliation between our results and those of Refs. || and 
p0| in the strong-segregation regime is necessary. A clue 
to the nature of the entropic interaction driving the sta- 
bility of the NCS phase is our observation that t he r egion 
of NCS stability roughly corresponds to Eqn. (|3.l|), the 
condition for there to be equal numbers of triblock and di- 
block copolymers in the two polymer brushes composing 
the aA interface. It would be interesting to examine the 
interpenetration of the triblock and diblock chain profiles 
at the aA interface using self-consistent field theory. This 
would allow a more direct comparison to be made with 
the theories of Refs. || and juj. It may be that with in- 
creasing segregation the chain interpenetration at the aA 
interfaces becomes more symmetric and the brush graft- 
ing densities more similiar, reducing the stability of the 
NCS phase in the strong segregation regime and leading 
to the triple point seen in Fig. 2. An analytical calcula- 
tion of the stability of the MCS phase towards the NCS 
phase, near the critical point, may also be illuminating. 

Only lamellar structures are considered in this study. 
Even though we have been careful to select parameters 
that favour the lamellar phase, it is possible that sta- 
ble non-lamellar structures exist in our phase diagram 
(some observations of non-lamellar structures in these 
blends are discussed in Ref. 0). We can however say 
that, for the parameters examined, the size of the re- 
gion of NCS stability is the maximum possible. Also, 
we have ignored composition fluctuations in the present 
mean-field treatment. Fluctuations may modify some of 
the detailed structure of the phase diagram, especially 
near the critical point, but we believe a region (perhaps 
a smaller one) of NCS stability will survive the effects of 
composition fluctuations. 
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